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ABSTRACT 
 
 Plants fix carbon during photosynthetic reactions but how this carbon is 
distributed and stored throughout the plant greatly depends on the species.  While 
cellulose and lignin are the more stable forms, the plant only needs to produce enough 
of it to allow for basic cell wall function.  Starch is the most common storage form for 
excess sugar accumulation; however, plants can also store carbon in the form of 
sucrose even though it is highly unstable and makes them a target for pests.  Typically 
sucrose is stored in the vacuoles of plants but some species also store sucrose in the 
storage parenchyma.  Members of the Andropogoneae tribe display a good example of 
this versatility in carbon storage.  This tribe of grasses is known for their high levels of 
biomass production and includes many prominent crops such as sorghum, maize, and 
sugarcane and the emerging biofuel feedstock miscanthus.  These crops are closely 
related and not only handle carbon storage in different ways but also have different 
carbon storage forms within each species.  There are varieties in each species that 
store sugar with sugarcane being the most recognized for its high levels of sucrose in 
the stem.  There are also varieties in sorghum and maize that funnel their carbon into 
storage for grain production.  Stem fiber can also be a sink for carbon as seen by the 
high biomass varieties of Saccharum energy cane.  Miscanthus stores large volumes of 
carbon as above ground cellulo-lignosic biomass during the growing season and then 
begins funneling carbon in the form of starch into its rhizomes during the fall for 
overwintering. The differences in carbon partitioning among species or genotypes are 
likely mediated by changes in the expression of genes that control developmental 
programs or carbon metabolism.  Maize and sorghum have sequenced genomes, but 
the complex polyploid genome of Saccharum presents challenges for studies of gene 
function and regulation.  Gene expression profiling is an efficient first step to gain an 
understanding of the biological pathways whose activities are associated with 
phenotypic variation in stem carbon partitioning within Andropogoneae grasses.  This 
study conducts genome-scale gene expression profiling in two experimental systems 
that will enable a comparative genomics approach.  The first system is maize hybrids 
that overexpress Glossy15, which exhibit delayed shoot maturation and accumulate 
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greater stem biomass and sugars compared to near-isogenic grain hybrids.  The 
second system is a Saccharum pedigree where progeny vary for their relative 
production of stem sugar, fiber, and biomass.  In both systems, the differences in 
compositional, anatomical, and gene expression differences are compared between the 
high sugar type and the high fiber type.  
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CHAPTER I 
GLOSSY15 OVEREXPRESSION IN HYBRID MAIZE CAUSES CHANGES IN 
CARBON PARTITIONING 
 
1.1 ABSTRACT 
 
 The glossy15 (gl15) gene is an APETALA2-like gene that has been 
demonstrated to promote the juvenile phase in maize.  The opposing actions of gl15 
and miR172 regulate the vegetative phase change.  A previous study showed that 
increasing gl15 activity in maize increased leaves that express juvenile traits and delays 
flowering.  We show here that the same increase in gl15 causes this delay in flowering 
by repressing the expression of FLOWERING LOCUS T (FT), a known promoter of 
flowering in Arabidopsis.  The delayed flowering also alters the source and sink 
interactions of the maize stem and ear causing an increase in sugars in the stem.  This 
stem sugar increase makes the transgenic gl15 plants a better feedstock for maize 
stover ethanol production. 
 
1.2 INTRODUCTION 
 
 Due to an increase in worldwide population and higher demand from developing 
nations, oil prices have continued to increase in recent years.  Fossil fuels are finite and 
new renewable, sustainable fuel sources are needed.  According to U.S. Department of 
Energy Bioenergy Technologies Office, corn is the leading feedstock for producing 
ethanol fuel in the United States.  Ethanol is produced from both kernels and stover.  
Starch much first be broken down into simple sugars before being converted to ethanol.  
Increasing the simple sugar content in maize stems could increase the ease of 
converting the stover to ethanol and in turn decrease the price. 
 
 Creating a maize that flowers later could cause an increase in stem sugar, but 
delaying flowering is not as simple as looking at a single trait.  Multiple genes control 
this trait and the shoot development pathways are not fully understood yet.  As plants 
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develop, they go through developmental phase changes.  An important phase for 
biomass accumulation is the timing of the floral transition or the change from the 
vegetative phase to the reproductive phase (Lawson & Poethig, 1995; Kerstetter and 
Poething, 1998).  The vegetative phase can be further divided into the juvenile phase 
and the adult phase.  The juvenile phase is the time in plant development soon after 
germination where the plant develops true leaves and axillaries buds. The plant is 
incapable of sexual reproduction at this time.  A plant is considered in the adult phase 
when it is able to reproduce sexually under normal conditions but does not have actual 
reproductive structures present (Poethig, 2003).  These two phases can be identified by 
morphological traits but they vary among plants (Goebel, 1900; Allsopp 1967).  The 
timing of these changes can effect how plants partition their carbon. 
 
Figure 1.1: MircroRNA156/172 flowering pathway and genes.  Panel A illustrates the 
part of the flowering gene pathway that is proposed for maize while panel B shows the 
number of paralogs for each member in the pathway in arabidopsis, rice, sorghum, and 
maize.  The maximum likelihood tree in panel C was constructed using the related AP2 
gene protein sequences.  The test of phylogeny used was the Bootstrap method with 
1000 replications and the heuristic method used was Nearest-Neighbor-Interchange. 
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 A key pathway in shoot maturation involves two microRNAs: mircoRNA156 
(miR156) and mircoRNA172 (miR172) (Figure 1.1).  These genes help regulate the 
transitions from the juvenile phase to the adult vegetative phase and on into the 
reproductive phase.  The timing of these transitions is important for all plants.  If a plant 
flowers before the growing season is over, it will produce less biomass because it will 
spend less time in the vegetative stage producing leaves.  The targets of miR156 
include SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes in 
Arabidopsis.  Of these genes, SPL3, SPL4, and SPL5 are known to promote flowering.  
They each have a microRNA recognition element (MRE) for miR156 in their 3’ UTRs 
(Cardon et al., 1997; Gandikota et al., 2007; Wang et al., 2009; Wu et al., 2009; Wu and 
Poethig, 2006).  Further downstream in the pathway, SPL genes promote miR172.  As 
plants age, miR172 levels increase as miR156 levels decrease in the leaves.  However, 
miR172 levels are thought to be control by photoperiod rather than age (Jung et al., 
2007). miR172 promotes flowering by targeting transcription factors that repress 
flowering such as APETALA2 (AP2), SCHLAFMUTZE (SMZ), SNZ, and TARGET OF 
EAT (TOE) genes (Aukerman and Sakai 2003; Chen 2004; Mathieu et al., 2009; 
Schmid et al., 2003).  These AP2 transcription factors repress FLOWERING LOCUS T 
(FT), the hormone responsible for trigging flowering in plants.  It has also been 
proposed that miR172 is upregulated by GIGANTEA (GI) (Jung et al. 2007).  GI also 
promotes flowering through an alternate path where it upregulates CONSTANS (CO) 
which then upregulates FT (Valverde et al., 2004; Mizoguchi et al., 2005).  
 
 Altering the expression of genes in this pathway can alter the way the plant 
traverses its lifecycle.  Artificial elevation of miR156 levels prolongs the juvenile 
vegetative phase.  A delay in flowering has been observed in transgenic Arabidopsis 
that constitutively overexpress miR156 (Schwab et al., 2005).  These plants produce 
increased numbers of juvenile leaves and show reduced apical dominance.  Not only is 
miR156 key in promoting the juvenile phase, it is necessary for expression of juvenile 
traits.  When mimicry targets sequester miR156, transgenic plants produced few leaves 
with only adult features and flowered soon after (Franco-Zorrilla et al., 2007; Todesco et 
al., 2010).  As stated earlier, miR156 levels decline over time based on age-dependent 
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factors.  These factors are still unknown as we do not know how plants determine age.  
However, a recent study suggests that a factor that represses miR156 is located in the 
leaves (Yang et al., 2011).  It has also been suggested that sugar content plays a role in 
repressing miR156 and promoting vegetative phase change.  Higher levels of glucose in 
the plant cause a signaling pathway activated through HEXOKINASE1, which leads to 
repression of the microRNA (Yang et al., 2013). 
 
 Constitutive overexpression of miR156-resistant SPL3, SPL4, and SPL5 in 
Arabidopsis has produced plants that flower and produce leaves with adult traits earlier 
than their wild counterparts confirming that SPL genes promote the adult phase.  
However, transgenic plants that overexpress SPL3 only flower slightly earlier 
suggesting that miR156 is very effective at repressing SPL genes (Cardon et al., 1997; 
Gandikota et al., 2007; Wang et al., 2009; Wu et al., 2009; Wu and Poethig, 2006).  
Similarly, overexpression of these targets and miR172 mimicry targets in transgenic 
plants caused late flowering and overexpression of miR172 caused early flowering 
(Aukerman and Sakai, 2003; Chen, 2004; Jung et al., 2007; Mathieu et al., 2009; 
Schmid et al., 2003). 
 
 Most of the studies involving the miR156/miR172 pathway were performed using 
Arabidopsis, but there have also been studies in maize.  The Corngrass1 (Cg1) mutant 
shows increased tillering that leads to higher biomass and also has less lignin and more 
glucose in the leaves.  This mutation is caused by a tandem miR156 gene (Chuck et al. 
2007).  A similar delay in development occurred in switchgrass when transgenic plants 
are constructed using the maize Cg1 gene (Chuck et al. 2011). 
 
 Other genes in the pathway can also be altered to produce a delay in flowering.  
Glossy15 (gl15) is an AP2-domain containing gene that has been shown to regulate 
juvenile epidermal cell traits in leaves of maize.  The gene gets its name from the glossy 
appearance of epicuticular wax on juvenile leaves.  Loss-of-function mutations at the 
gl15 locus have shown shorter expression of juvenile traits in leaves (Moose and Sisco, 
1994).  This gene was also shown to encode a putative transcription factor that shared 
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significant sequence similarity to AP2 and AINTEGUMENTA (ANT) in Arabidopsis 
(Moose and Sisco, 1996).  Later studies showed that miR172 represses gl15 in maize 
and suggested that the gl15 gene only can repress flowering in maize (Lauter, et al., 
2005).  The overexpression of gl15 leads to the same suite of phenotypic changes seen 
in photoperiod-sensitive maize.  One consequence of the delay in shoot maturation 
conditioned by gl15 overexpression is a decrease in grain yield and increase in stover 
(Pulam 2012). 
 
 Studies have also looked into the source of florigen in maize.  FT in Arabidopsis 
contains a phosphatidylethanolamine binding (PEBP) domain.  In rice, two paralogous 
genes that are orthologous to FT are responsible floral activators.  Heading Date 3a 
(Hd3a) is initiated under short days and Rice flowering locus T1 (RFT1) was identified 
as a major floral activator under long day conditions (Kojima et al., 2002; Komiya et al., 
2008, 2009).  The PEBP family is large in maize and members are named Zea mays 
CENTRORADIALIS (ZCN).  ZCN15 maps to a region syntenic to the region where Hd3a 
is located in the rice genome but it was discounted as the source of florigen because it 
is expressed mainly in the kernels.  Under ectopic expression, ZCN8 was found to 
induce early flowering in transgenic plants and is considered the maize FT 
(Danilevskaya et al., 2008; Meng et al., 2011). 
 
 The availability of near-isogenic genotypes that differ only for gl15 activity, 
coupled with the extensive resources for maize functional genomics, offers a simple and 
powerful system to directly assess the impact of changes in developmental timing on 
stem carbon partitioning.  This study shows that the delayed flowering caused by the 
overexpression of this gene alters the sugar pathway in the stem.  Also, the findings 
also suggest that overexpression of gl15 directly or indirectly represses the expression 
of Flowering Locus T (FT). 
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1.3 MATERIALS AND METHODS 
 
1.3.1 Plant Material 
 
 Stem samples collected for this study were taken from the maize hybrid 
B73xMo17, also referred to as control, and its transgenic counterpart that 
overexpresses the glossy15 gene, also referred to as Gl15-TG.  The plants were grown 
in Urbana, Illinois at the University of Illinois South Farms from May until August of 2011 
and 2012.   
 
1.3.2 Anatomy Sections 
 
 Every two weeks from July to September of 2011, samples were cut from the 
middles of stem internodes from each variety, locked into macro-cassettes (Electron 
Microscopy Sciences catalog # 70077-W), and placed in an amber container of 4% 
paraformaldehyde.  4% paraformaldehyde was made from 16% Paraformaldehyde 
(formaldehyde) aqueous solution (Electron Microscopy Sciences catalog # 30525-89-4), 
10X PBS Buffer (VWR catalog # 16777-250), and ddH20.  Two replicates were taken for 
each variety per time point.  The samples taken were no greater than one inch and were 
collected from every other internode along the stem starting at the bottom most 
internode.   
 
 The first step to fixing the samples was to place the uncapped sample collect 
bottle in a desiccator (Fischer Scientific catalog # 08-642-7) for 24 hours under a 
vacuum.  After this process, the cassettes were transferred to a Leica ASP300 3 (Leica 
Biosystems) automated vacuum tissue processor.  Once in the machine, the samples 
were taken through a 13-step program were they were soaked for five hours in the 
following: neutral buffered formalin, 70% ethanol, 70% ethanol, 80% ethanol, 95% 
ethanol, 100% ethanol, 100% ethanol, 100% xylene, 100% xylene, paraffin wax at 
58°C, paraffin wax at 58°C, paraffin wax at 58°C.  Each step lasted for five hours.  The 
samples were embedded using a heated paraffin embedding module Leica EG1150 H 
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(Leica Biosystems).  The wax used for infiltration and embedding was Richard-Allan 
Scientific Paraffin Type H (Fischer Scientific catalog # 22-050-128).  Embedded sample 
blocks were left to harden overnight.  Sections were cut to 8 µm using a Leica RM2255 
microtome (Leica Biosystems) with a low profile diamond blade (Sturkey catalog # 
DT315D50) and placed on Superfrost Excell microscope slides (Fischer Scientific 
catalog # 22-037-247).  Slides were left overnight to dry. 
 
 Slides were then stained with Calcofluor White to look at cellulose and Schiff’s 
reagent to look at lignin.  Before staining, slides were baked at 65°C for one hour.  
Soaking for three minutes in the following rehydrated sections: 100% xylene, 100% 
xylene, 100% xylene, 100% ethanol, 95% ethanol, and ddH2O.  Slides were laid flat and 
drops of Schiff’s Reagent (Sigma-Aldrich catalog # 3952016) were added until the stain 
covered the entire section.  The slides were then covered and allowed to stain for 15 
minutes.  After staining, the slides were rinsed carefully with ddH2O for five minutes.  
The Calcofluor White stain was then applied in a similar manner and left to stain for 15 
minutes.  Calcofluor White 100x solution is prepared by adding 3.5 mg of Fluorescent 
Brightener 28 (Sigma-Aldrich catalog # 3543) to 0.5 ml of ddH2O, increasing the pH to 
11, and adjusting the volume to 1 ml.  The 100x solution is then diluted to 1x using Tris-
HCL Buffer, 0.1M pH 9.0.  After the allotted time, the slides should be rinsed with ddH2O 
for three minutes changing water frequently as it turns pink and then placed in a 1X 
PBS bath until they are mounted.  Slides were mounted using ProLong® Gold Antifade 
Mountant with DAPI (Life Technologies catalog # P-36931).   
 
 Stained stem sections were observed under a Zeiss LSM710 confocal 
microscope (Zeiss).  Only sections of bottom ear internode were examined.  The 
Schiff’s Reagent was excited at 561 nm laser and the emission was observed in the 575 
to 650 nm range while the Calcofluor White had an excitation wavelength of 405 nm and 
an emission spectrum of 411 to 460 nm. 
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1.3.3 Composition Analysis 
  
 During the 2012 growing season, samples were collected from the first ear 
internode of both varieties.  The internode was divided in half longitudinally and half was 
used for composition analysis.  The other half of the sample was used for RNA 
extraction.  Four replicates were taken for each sample.  Samples were collected on 
July 3rd, July 13th, July 26th, and August 9th for both varieties.  An additional 
transgenic plant sample was taken on August 24th.  These samples were stored on dry 
ice until immediately after being cut.  The tissue was lyophilized for 48 hours using the 
automatic settings of the FreeZone 6 Freeze Dry System (Labconco). 
 
 Biomass was milled using a commercial electrical coffee mill and then 
homogenized by ball-milling for five minutes in a canister ball-mill (model 8200, Kleco, 
Visalia, CA).  The biomass was vacuum-oven dried at 45°C for 15 hours and 300 mg of 
the dried biomass was extracted with 3x2 mL of 70°C water and 3x2 mL of 70°C ethanol 
in a syringe cartridge and then vacuum-dried at 45°C for 15 hours as described in 
(Kuchelmeister and Bauer, 2014).  Extractives were calculated as the percentage 
weight loss based on the initial biomass used for extraction.  
 
 Soluble sugars (sucrose, glucose, fructose) in the water phase were quantified 
after spiking in about 1 mg/mL fucose as internal standard to determine the extraction 
volume and to compensate for sample dilution before analysis.  The sugars were 
analyzed using an ICS-3000 HPLC system (Dionex) equipped with a pulsed-
amperometric detector.  Samples were injected onto a 150 x 3 mm i.d. PA20 column 
(Dionex) with a 50 mm x 3 mm guard column of the same material and eluted at 30°C 
with a mobile phase of 30 mM KOH at a flow rate of 0.4 mL/min.  
 
 About 50 mg of the extracted and vacuum-dried biomass were hydrolyzed by a 
one- (4%) and two-stage (72%/4%) sulfuric acid hydrolysis step for the release of 
monosaccharides as described in (Bauer and Ibáñez 2014).  A sugar recovery standard 
(SRS) containing glucose, xylose and arabinose was prepared in the same acid 
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concentration used during autoclaving.  One aliquot was kept at 4°C and another one 
with a volume of 14.5 mL was autoclaved (121°C) together with the samples (Sluiter et 
al., 2012).  After autoclaving, mixtures were cooled, vortexed and stored at 4°C for 16 
hours in order to precipitate insoluble material.  A 0.5 mL aliquot of the clear 
supernatant was filtered (0.2 µm PES) and used for monosaccharide HPLC analysis.  
 
 For the determination of total glucose, xylose and arabinose content released, 
samples were injected onto an HPX-87H (300 x 7.8 mm, Bio Rad, Richmond, CA) 
column with a 30 x 4.8 mm cation H guard column (Bio Rad).  The instrument (1200 
series, Agilent Technologies, Santa Clara, CA) was equipped with a refractive index 
detector.  Elution was performed at 50°C with 5 mM sulfuric acid at a flow rate of 0.6 
mL/min.  On the HPLC column used, galactose and mannose co-elute with xylose and 
these sugars were therefore quantified together as parameter “xylan” during total sugar 
analysis.  For calculation of polysaccharides content, conversion factors of 0.9 (glucan) 
and 0.88 (xylan, arabinan) were used.  The difference of the total glucan content 
determined by the two-stage acid hydrolysis and the glucan content determined by the 
one-stage acid hydrolysis was referred to as “cellulosic glucan (cellulose)”. 
 
 Precipitated solids of the two-stage sulfuric acid hydrolysis were resuspended 
and the suspension filtered through previously pretreated (575°C for 3 hours) ceramic 
filter crucibles (pore size M, Willmad LabGlass, Vineland, NJ, USA), or previously 
pretreated (575°C for 3 hours) glass microfiber filters (AP40, 25 mm, EMD Millipore™, 
Billerica, MA, USA) using a filtration flask and reduced pressure, and all retained solids 
were washed extensively with deionized water (Ibáñez and Bauer, 2014).  The weight of 
residue and crucibles or glass microfibers was determined after drying at 105°C for 16 
hours and also after subsequent ashing at 575°C for 3 hours.  The difference of these 
two weight determinations was referred to as Klason lignin (ash corrected). 
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1.3.4 RNA Extraction and Sequencing 
 
 The samples used for sequencing were the other half of the longitudinal sliced 
ear internode samples used for composition analysis.  These tissues were ground with 
liquid nitrogen using a combination of A 11 basic analytical mills (IKA catalog # 
0002900001) and mortars and pestles.  Total RNA was isolated using the protocol 
developed for pine (Chang et al., 1993) with some modifications.  CTAB buffer was 
prepared without the addition of spermidine.  The buffer was not heated and equal 
volumes of CTAB buffer and acidified phenol pH 4.3 ± 0.2 with isoamylalcohol were 
added to each tube prior to the addition of the samples.  The tubes used for the phase 
separation steps were 5 PRIME™ Phase Lock Gel™ (Fischer Scientific catalog # 
FP2302820) so centrifugation speeds were adjusted accordingly and shaking by hand 
replaced vortexing for these steps.  The lithium chloride step was replaced with an 
isopropanol precipitation followed by 75% ethanol wash.  Samples were then treated 
with DNase, reprecipated with isopropanol and washed with 75% ethanol.  Pellets were 
dried using a Savant™ DNA SpeedVac™ Concentrator (Thermo Scientific) and 
resuspended in water. The yield of the mRNA was quantified with a NanoDrop 
Spectrophotometer ND-100 (Thermo Scientific).  Quality was checked using Agilent 
2100 Bioanalyzer (Agilent) and only samples with a RNA integrity number of 8 or higher 
were used for sequencing.   
 
 Libraries were prepared with Illumina's 'TruSeq RNAseq Sample Prep kit' by the 
W.M. Keck Center at the University of Illinois.  Combining one replicate from each 
condition generated four pools and the pooled libraries were quantitated by qPCR and 
then sequenced.  There were two types of reads generated: mRNA, 100nt length reads 
and small RNA, 50nt length reads.  The mRNA libraries were sequenced on one lane 
for 101 cycles from one end of the fragments.  The small RNA libraries were sequenced 
on two lanes for 51 cycles.  Both runs were performed on a HiSeq2000  using a TruSeq 
SBS sequencing kit version 3 and processed with Casava 1.8.2.  
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1.3.5 mRNA-Seq Analysis 
 
 A total of 841 million reads were generated from all the libraries.  The mRNA 
reads were trimmed for quality and adaptors using the single end mode of 
Trimmomatic-0.30 (Bolger et al., 2014).  An individual adaptor file was generated for 
each library based on the adaptor used.  Bases were cut off the end of the read if the 
phred score was below 30 and any read less 40 nt was discarded.  On average, 99% of 
the reads met the quality threshold.   
 
 Reads were aligned using TopHat v2.0.8 (Kim et al., 2013) to the B73 genome 
v2 with the aid of the 5b.60 annotation (http://www.phytozome.net/maize.php; Schnable 
et al., 2009).  Reads were only aligned to chromosomes.  Default parameters were used 
unless stated and the following parameters were changed in an attempt to capture the 
known allelic divergence between the hybrid and the B73 genome: read-mismatches 5 
(95% identity), read-gap-length 3, read-edit-dist 5, min-intron-length 25, max-insertion-
length 5, max-deletion-length 5, max-multihits 10, microexon-search, b2-very-sensitive.  
The average alignment rate was 93% with 79% of those mapping having a unique 
alignment.  The resulting BAM file was then converted to SAM format and passed to 
HTSeq (Anders et al., 2014) to obtain read counts.  HTSeq counted uniquely mapped 
reads with a mapping quality score of 50 at the gene level using the 
intersection_nonempty mode with gene coordinates based on the 5b.60 GFF3.   The 
resulting libraries averaged 75% of the total trimmed reads. 
 
 Read counts were examined using five Bioconductor packages: affycoretools 
(MacDonald, 2008), WGCNA (Langfelder and Horvath, 2008, 2012), limma (Smyth, 
2005), and dendextend (Galili, 2014); and differential expression was determined using 
the edgeR package (Robinson and Smyth, 2007, 2008; Robinson et al., 2010; Robinson 
and Oshlack, 2010; McCarthy et al., 2012).  Of the 39,423 B73 genome v2 5b.60 
chromosomal gene models considered, 35,207 had at least one read that mapped in a 
sample.  Counts per million were calculated and a gene was kept if there was at least 
one day where one treatment showed an average of 5 counts per million or higher.  The 
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threshold of 5 counts per million was chosen because it created a normal distribution of 
the reads and this filtering step left 20,583 gene models and 99% of the reads in all 
libraries (Figure 1.2).  Based on the hierarchical clustering analysis and PCA, two 
replicates were discarded from the control, July 3rd group and one replicate was 
discarded from every other group.  A contrast matrix was designed to compare Gl15-TG 
versus control by sampling date.  Using the trimmed mean of M-values (TMM) method 
further normalized the libraries and improved their clustering (Figure 1.3).  Variance 
among replicates was calculated for each gene using the edgeR tagwise estimate and 
the glmFit function was used to model the data to a generalized linear model.  The p-
values were calculated using likelihood ratio test for the coefficients in each row of the 
contrast matrix where the null hypothesis states that there is no difference in 
coefficients.  Genes were considered differentially expressed if they had a false 
discovery rate equal to or less than 0.001 and a fold change greater than or equal to 4 
where fold change and counts per million thresholds were determined by examining MA 
plots (Figure 1.4).  The first filtering (Figure 1.2) included every sample disregarding 
sampling day when considering if the gene met the filtering criteria.  This left some 
genes that were expressed at low levels in the individual sampling day comparisons so 
each gene set was further filtered to leave only genes with five counts per million or 
higher in one of the treatments on that particular sampling day. 
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Figure 1.2: Filtering of Raw Reads. The filter was implemented by averaging the 
replicates for a condition.  Genes passed the filter if the replicates of at least one variety 
had an average of 5 counts per million or higher on at least one day.  Panel A shows all 
of the genes before filtering.  The high peaks on the left show that many genes have low 
expression.  These low expressed genes are filtered out in panel B leaving the data with 
a nearly normal distribution. 
  
 
 
  
! 14!
Figure 1.3: Removal of some replicates greatly improves clustering.  Panels A and B 
show principal component analyses of the five counts per million filtered and TMM 
normalized libraries.  Panel A shows all of the sample replicates and panel B shows the 
improved clustering after removal of replicates.  The hierarchical clustering analysis in 
panel C also confirms that removing these replicates reduces variance in the 
experiment.  The main sources of variance in the experiment appear to be age of stem 
and genotype as seen by the principal component analysis. 
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Figure 1.4: MA plots by sampling date where both varieties were sampled.  The red 
dots indicate genes that have a false discovery rate less than or equal to 0.001 and the 
blue lines indicate 2 and -2 log base two fold change.  Panels A, B, C, D and 
correspond to the four sampling date comparisons between the transgenic and control. 
 
 
 
1.3.6 miRNA-Seq 
 
 The small RNA sequencing generated 765 million reads.  These reads were 
aligned to the same version of the B73 genome as the mRNA reads.  The alignments 
were performed using the Novoalign program (Novoalign v3.00.02 
http://www.novocraft.com/main/index.php).  Adaptors were trimmed by the program, 
detection of hairpin scores was turned on, minimum length was set to 18 nt, the score 
threshold was at 30, the homopolymer filter score was set at 90, and all alignments 
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meeting these criteria were reported.  On average, 90% of the reads met the quality 
threshold parameters and 52% of the reads aligned.  Read counts were obtained using 
HTSeq in a similar manner to the mRNA reads.  The same parameters were used but 
the maize GFF3 for miRNA was downloaded from miRBase 
(ftp://mirbase.org/pub/mirbase/CURRENT/genomes/zma.gff3).  This GFF3 file 
corresponds to the B73 v2 genome that was used for alignments.  The resulting library 
sizes accounted for 0.05% of the total mapped reads. 
 
 The same edgeR pipeline used to analysis the mRNA sequencing was attempted 
on this data; however, the library sizes were not consistent, possibly due to miRNA 
cloning bias.  Instead, the replicates for each treatment by sampling day were averaged.  
The raw count value was transformed by taking the logarithm base 2.  These values 
were then imported in R and a heatmap was constructed using the Heatplus package 
(Ploner, 2014). 
 
1.3.7 miRNA qPCR Analysis 
 
 Expression of three miRNA, miRNA 156, miRNA 172, and miRNA 168, was 
quantified using Applied Biosystems® TaqMan® MicroRNA Reverse Transcription Kit 
and the Applied Biosystems® TaqMan® MicroRNA Assay (Applied Biosystems).  Total 
RNA from the samples used in the sequencing assay was reverse transcribed and the 
cDNA obtained was analyzed on the Lightcycler® 480 System (Roche) using Applied 
Biosystems® TaqMan® Universal PCR Master Mix, No AmpErase® UNG (Applied 
Biosystems).  The protocols followed were described in the assay kits.  Raw data was 
exported from the machine and imported into Microsoft Excel where 483-533 values 
were used to calculate second derivatives.  This data was then exported to a Perl script 
where the highest second derivative value was used to pick the cycle threshold (CT) for 
each sample.  All four biological replicates were run and all samples taken on the same 
day were run on the same plate.  The expression of miRNA 168 was used to normalize 
expression across samples so three technical replicates of this miRNA were performed 
for every sample.  Expression of miRNA 172 and miRNA 156 was calculated as 
2^(miRNA 168 CT)/ 2^(target CT). 
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1.4 Results 
 
Figure 1.5: Growth of transgenic and control plants.  The transgenic plant shows a 
delay in development and a later flowering date than the control.  Due to their later 
flowering, the transgenics also grow taller than the controls.   
 
 
 
 The increased activity of gl15 in the transgenic plant delays reproductive 
development in a similar way as described in Lauter et al., 2005.  The control plants are 
taller than the transgenics pre-flowering.  After the control plants flower, the transgenics 
continue to grow and eventually over take them.  On July 13th, both tassels and silks 
were present on the controls while only tassels were present on the transgenics.  The 
transgenic silks had emerged by July 26th.  Post flowering, there was also a delay of 
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senescence with the trangenics remaining green longer than the controls.  Over all, 
there seemed to be a ten day delay in development (Figure 1.5). 
 
Figure 1.6: Compositional Comparison of Bottom Ear Internodes in Gl15-TG vs Control.  
In panel A, the compositions of stems collected over the summer of 2012 are shown.  
The shades of purple indicate sugar types and the shades of green indicate fiber types.  
Panel B displays the anatomy of growing stems of both lines.  The red indicates areas 
stained with Schiff’s reagent and the blue shows areas stained by Calcofluor White. 
 
 
 
 The Schiff’s reagent and Calcofluor White staining did not show a visible 
difference between transgenic and control stems.  However, the compositional analysis 
showed that as the stems develop, they do have different carbon content (Figure 2.6).  
On July 3rd, neither of the plants was flowering and sugar accounted for 69% of the 
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composition in both types with the transgenic having slightly more sucrose and other 
extractives and the control having more glucose, fructose, and stem fiber components. 
 
 By July 13th, the control plants were fully flowering while the transgenics only 
showed tassels present.  Flowering altered the composition of the stems with sugar only 
accounting for 42% of composition; however, fiber rose 47%.  The predominant fiber 
type in the control stems is cellulosic glucan and sucrose became the predominant 
sugar.  The fiber and sugar content of the transgenic stems were only 35% and 53% 
respectively.  Cellulosic glucan was also the main source of fiber but the sucrose 
content was less than half of the control plants.  Most of the sugar in the stem was in 
the form of glucose or fructose and the control plants still showed higher percentages of 
all fiber components. 
 
 Both tassels and silks were present on the transgenic plants on July 26th and 
there was now only a much smaller difference in stem sugar and fiber percentages 
between the two lines.  However, the sugar content of the two stems were still not 
distributed similarly.  The control plants had about twice the amount of sucrose 
compared to the transgenics.  Sucrose had now also become the predominant sugar 
type in the transgenics but glucose and fructose still accounted for a large portion of 
total sugar content.  The sucrose content in the transgenic stem on this date is very 
similar to the amount in the control stem on July 13th. 
 
 Samples taken August 9th show that the control is very similar to the sample 
taken on July 26th.  The transgenic stem had also started to accumulate sucrose at a 
similar level as the control, but the transgenic still had overall higher sugar content due 
to elevated levels of glucose and fructose.  Only the transgenic plant was sampled on 
August 24th due to the senescence of the control plants.  On this final day, the 
transgenic showed about the same percentages of fiber as the previous collection date 
but had converted more glucose and fructose into sucrose (Figure 1.6). 
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Figure 1.7: DE Genes by date between Gl15-TG vs Control.  Genes are significant at: 
false discover rate pvalue <= 0.001, Max Average counts per million >= 5, and fold 
change>=4.  The bars in panel A indicate the number of genes that were higher 
between the two lines.  July 3rd and August 9th both show the control having more genes 
with higher expression while July 26th the expression is about equal.  July 13th is the 
only day sampled where there is a significant number of genes that are more highly 
expressed in the transgenic.  Panel B shows the overlap of differential expression by 
sampling date.  There are 1,406 genes differentially expressed of the 39,423 
chromosomal gene models.  Of these 1,406, 14 were differentially expressed on all 
dates sampled. 
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 The results from the differential expression analysis of the RNAseq data show 
that on July 3rd and August 9th the majority of the differentially expressed genes, 91.3% 
and 77.9% respectively, were expressed at higher levels in the control plants.  However, 
on July 13th, the majority, 79.2%, were shown to be expressed higher in the transgenic.  
Results from July 26th showed that the total difference in expression dropped to about 
one sixth that of the other days with an almost equal distribution of genes expressed 
highly in two lines.  There were a total of 1,406 differentially expressed genes with many 
of them showing difference in expression on multiple days (Figure 1.7).  There are only 
14 genes that are differentially expressed at all sampling dates and among these genes 
is glossy15.  Of the other 13 genes, six are higher expressed in the transgenic and 
seven are higher in the control.  Four of these genes are located on chromosome 2 and 
seven are located on chromosome 8.  Among these 14 genes only GRMZM2G457697 
shows expression greater than 1.5 counts per million in the lower expressing line.  
GRMZM2G457697 is also the most highly expressed gene on the list (Table 1.1). 
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Figure 1.8: Effects of Gl15-TG expression on Sugar Metabolism. The graph shows the 
pathway members that are affected by transgene expression over the four sampling 
dates.  In the heatmap, blue indicates higher in transgenic/lower in control and read is 
the opposite.  Dashed arrows, dotted, and solid arrows represent expression in July 3rd, 
July 13th and August 9th respectively.  July 26th is not represented by any arrow because 
it showed no differential expression for genes in the pathway.  Gray boxes and arrows 
indicate that the gene was not considered differentially expressed but my still have 
measured expression on that date.  The number next to the enzyme correlates with the 
numbered boxes in the heatmap.  Arrow directions and enzyme/substrate names are 
based on http://www.kegg.jp/kegg-
bin/show_pathway?140425420526282/ko00500.args. 
 
 
 
 As seen in the composition analysis results (Figure 1.6), the addition of the 
transgene causes changes to the carbon partitioning in the stem.  The transgenic 
matures slower and accumulates higher amounts of total sugar in the stem.  When 
looking at gene expression of key enzymes in the sugar metabolism pathway, 
differences can be seen between the two lines as well.  On July 3rd, the pathway only 
shows higher expression in the control plants for cell wall related enzymes.  Cellulose 
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synthase and endoglucan build glucose into cellulose and there is an increase in the 
amount of cellulose in the control versus the transgenic on that day.  Expression on July 
13th shows a shift to all of the genes differentially expressed in the pathway being higher 
in the transgenic.  This parallels the physiological delay in development caused by the 
transgenic.  There appears to be a push among the genes to increase glucose in the 
stem and this is seen in the composition because glucose is the highest sugar 
component.  Cellulose synthase and sucrose synthase are also pumped up on this day 
and there is an observable difference between the transgenic on July 3rd and July 13 for 
these components; however, there is also a higher expression of genes that break down 
these two into glucose.  July 26th shows no difference is expression for the sugar 
metabolism pathway.  This correlates with the similar composition profiles for that date.  
Without genes pushing the carbon toward glucose, more sucrose was produced but the 
amount lags behind the control stems.  At this time, sucrose is produced for transport to 
the ear where it is converted to starch for seed development.  On the final comparison 
date, August 9th, only a few genes are differentially expressed and they are again higher 
in the control.  It is not certain how xylan 1,4-β-xylosidase, trehalose 6 phosphate 
synthase, and UDP-glucuronate 4-epimerase relate to the composition because xylan 
appears unchanged and pectin was not measured in our analysis.  There is a reduction 
in glucose that could be in way related to the higher expression of trehalose 6 
phosphate synthase. 
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Figure 1.9: Effects of Gl15-TG expression on Lignin Biosynthesis. The graph shows the 
pathway members that are affected by transgene expression over the four sampling 
dates.  In the heatmap, blue indicates higher in transgenic/lower in control and read is 
the opposite.  Dashed arrows, dotted, and solid arrows represent expression in July 3rd, 
July 13th and August 9th respectively.  July 26th is not represented by any arrow because 
it showed no differential expression for genes in the pathway.  Gray boxes and arrows 
indicate that the gene was not considered differentially expressed but my still have 
measured expression on that date.  The number next to the enzyme correlates with the 
numbered boxes in the heatmap.  Arrow directions and enzyme/substrate names are 
based on http://www.kegg.jp/kegg-
bin/show_pathway?140425420526282/ko00500.args. 
 
 
 
 The lignin metabolic pathway shows a similar trend to the sugar metabolic 
pathway (Figure 1.8) with no differential expression on July 26th, genes only being 
expressed higher in the control on July 3rd and August 9th, and July 13th having only 
genes that are highly expressed in the transgenic.  On July 3rd, there is a push in the 
control to produce more lignin.  This correlates with the composition results (Figure 1.6) 
where the control has higher lignin content.  July 26th shows the delayed response in 
the transgenic where genes are now being more highly expressed in those stems and 
more lignin is being produced.  There is not a difference in expression on July 26th for 
lignin pathway in the two lines and the observed lignin percentages are equal, 11%.  
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However, on August 9th, there is once again a push in the control to produce more lignin 
and the composition shows a resulting increase in 2% more lignin in the control over the 
transgenic. 
 
Figure 1.10: Effects of gl15 Overexpression on other member of its regulation pathway.  
The expressions of maize AP2 genes that have miR172 binding sites are shown in 
panel A.  Panel B illustrates the difference in expression of flowering genes FT-like ZCN 
genes, CO-like, GI-like between the two lines and also shows gl15 expression.  Tassels 
and silks had emerged by July 13th for the control and July 26th for the transgenic.  
Panel C shows the expression of miR156 and miR172 on the left axis as well as two 
SPL genes and gl15 on the right axis.   
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 The RNASeq analysis showed that gl15 was expressed at higher levels in all 
sampling dates (Figure 1.7) but this elevated expression did not significantly affect how 
other AP2 genes with miRNA172 binding sites were expressed.  These results also 
showed that the expression of FT-like genes ZCN8 and ZCN15, on and after tassels 
and silks were observed in the control (July 13th), was 2 to 6 and15 to 25 fold higher 
respectively in the control plants than the transgenics.  This was coupled with a similar 
suppression of CONSTANS-like (CO-like) on and after flowering and a slight 
suppression of GIGANTEA (GI-like).  The levels of GI-like are recovered after the 
transgenic tassels and silks have both emerged on July 26th.  The transgenic also 
showed a slight increase in SPL expression on July 3rd and August 9th (Figure 1.10). 
 
 The expression of miR172 and miR156 was quantified using qPCR.  SPL genes 
upregulate miRNA172 and there is a correlation between the July 3rd and August 9th 
spike in SPL expression in the transgenic with a spike in miR172 expression on those 
dates.  After the control flowers on July 13th, there is a progressive increase of miR156 
expression in the control.  There is a similar post flowering increase in the transgenic 
but it appears that the increase is repressed in the transgenics (Figure 1.10). 
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Figure 1.11: miRNAseq Heatmap.  The log base 2 values were taken from the raw 
count data after averaging replicates.  The clustering shows that internode age is still 
the major source of variance in the samples with the July 3rd samples being the most 
different from the other dates.  The trend of miR156 increasing with age in the stems 
matches the results from the qPCR and also shows that miR156 is repressed in 
transgenics. 
 
 
 The miRNAseq heatmap analysis showed a similar clustering of samples as the 
RNAseq analysis (Figure 1.3) with samples clustering from youngest to oldest and July 
3rd being the most different among all the dates.  The miRNA clustered into three 
groups: highly expressed, moderately expressed, and faintly expressed; with miR156 
being a part of the faintly expressed ground and miR172 being a part of the moderately 
expressed group.  The progressive post flowering increase in miR156 expression and 
the repression in the trangenic that was seen in the qPCR is present in this analysis as 
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well.  However, trend seen for miR172 is slightly different in this analysis than it was in 
the qPCR results.  Here it appears that miR172 is slightly higher in the transgenic on 
July 3rd, the control on July 13th, and then is expressed equally between the two on the 
remaining sampling dates (Figure 1.10, Figure 1.11). 
 
 
1.5 Discussion 
 
 AP2 genes link metabolism and development and the overexpression of gl15 
causes a delay in flowering.  Pre-flowering, both the transgenic and the control 
accumulate sugar in their stems mainly in the forms of glucose and fructose; however, 
after flowering there is a shift towards production of sucrose.  The shift is consistently 
seen in the composition and RNAseq analysis.  This could mean that gl15 directly 
regulates all these genes or it could change a part of the pathway higher up and causes 
a cascading effect downward. 
 
 There could be two explanations for the 14 genes that are differentially 
expressed at all sampling dates (Table 1.1).  One is that these genes are regulated 
strongly by gl15, most of them would appear to have some type of regulatory function 
themselves.  It seems unlikely though that so many of these genes just happen to be on 
chromosomes 2 and 8 so the second explanation is that these genes are in regions 
where the allele from the original H99 transformation line has different expression 
compared to B73, so this now shows up as differential expression in transgene versus 
no transgene lines. The best way to distinguish these possibilities is to test how these 
genes behave in gl15 mutant compared to control. 
 
 The flowering delay is also likely correlated to the repression of FT-like genes in 
the transgenics.  FT has been shown to be a key protein in the transition from 
vegetative to reproductive phase and CO positively regulates FT in Arabidopsis 
(Kardailsky et al., 1999; Kobayashi et al., 1999; Samach et al., 2000; Wigge et al., 
2005).  ZCN8 is believed to be the maize floral activator gene similar to FT in 
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Arabidopsis while ZCN15 was ruled out due its predominant expression in kernels and 
not leaves (Danilevskaya et al., 2008; Meng et al., 2011).  However, ZCN15 is also 
playing a role in stems as well in our data.  It would appear that the control maize 
operates in a similar fashion to Arabidopsis for the control of FT by CO.  At flowering, 
levels of CO-like increase by almost eight fold and this is followed by an increase in 
ZCN8 and ZCN15.  Glucose may be acting as a signal for flowering in this case.  The 
control accumulates glucose and once it reaches a certain level flowering occurs and 
there is a shift to sucrose production and a drastic increase in ZCN15 expression as 
glucose is depleted.  In the transgenic, more glucose is needed to trigger the shift, so 
the glucose is not converted to sucrose as quickly and ZCN15 and ZCN8 expression is 
repressed which correlates with a delay in flowering.   
 
 In the transgenic, CO does slightly increase at flowering but never achieves the 
expression levels of the control.  Photoreceptors and the GI gene regulate CO 
(Valverde et al., 2004; Mizoguchi et al., 2005).  GI is two fold lower in the transgenic on 
July 13th when the control is flowering but the transgenic plants do obtain approximately 
equal GI expression by August 9th after the they have flowered.  It is not apparent what 
exactly is causing the depression of GI and CO, but FT could be directly targeted by 
gl15.  AP2-like transcription factors such as APETALA 2 (AP2) itself, the three TARGET 
OF EAT (TOE) proteins (TOE1, TOE2, and TOE3), and SCHLAFMÜTZE (SMZ) and its 
paralog SCHNARCHZAPFEN (SNZ) have all been shown to be repressors of flowering 
(Park et al., 2002; Aukerman and Sakai, 2003; Schmid et al., 2003).  These AP2 genes 
cause this repression in flowering by regulating FT expression (Mathieu et al., 2009).  
Since the other AP2 genes are expressed almost identically between the two lines, gl15 
would be a likely candidate for AP2 repression of FT (Figure 1.10).   
 
 The eventual downregulation of gl15 that occurs after July 13th could be the 
result of a CO independent pathway to flowering that was discovered in Arabidopsis.  In 
this pathway, GI causes an increase in miR172 and miR172 then binds to its AP2 
targets downregulating them allowing FT to be expressed (Jung et al., 2007).  This 
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could explain why the levels of miR172 are higher in the transgenic and spike up along 
with the increase in GI-like and FT-like on August 9th (Figure 1.10). 
 
 The delay in flowering also causes a delay in sugar conversion in the transgenic 
stems.  Around flowering, the stems begin converting glucose and fructose into sucrose 
and eventually that sucrose is pumped up to the ears and converted into starch.  The 
transgenic plants have reduced grain yield (Pulam, 2012) due to the flowering delay.  
They do not have a sink for their sugar on July 13th and the delayed transport of sugar 
to the ears results in stems with higher sugar levels.  Higher soluble sugar in the stems 
will make it easier for the transgenic stover to be converted to ethanol, making it better 
biofuel feedstock. 
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CHAPTER II 
COMPARATIVE ANALYSIS OF STEM CARBON PARTITIONING, GENE 
NETWORKS, AND DEVELOPMENT IN RELATED SWEET AND ENERGY TYPE 
SACCHARUM LINES 
 
2.1 ABSTRACT 
 
 Saccharum sucrose and fiber types are of high interest for their use in the 
biofuels industry.  Although there is a long history of humans breeding Saccharum for 
high sucrose content, little is known about the mechanism that causes the sucrose to 
accumulate in the stems.  Transgenic maize has shown that AP2 genes can delay 
flowering and increase stem sugar.  The higher expression of AP2 genes in sugarcane 
bottom internode tissue could be a possible cause of sugar accumulation.  Furthermore, 
the sugar accumulation could be directly upregulating AINTEGUMENTA-like (ANT), 
expansins, and XYLOGLUCAN ENDO-TRANSGLYCOSYLASE/HYDROLASE (XTH) to 
increase the size of the sink, stem internodes. 
 
2.2 INTRODUCTION 
 
  The majority of carbon fixed in higher plants is used as material for synthesis of 
cell walls (Carpita & Gibeaut, 1993; Reiter, 1998).  The main function of cell wall is 
structural support of the plant.  Cell walls are a complex mix of polysaccharides and 
proteins.  The main polysaccharide in plant cell walls is cellulose.  Cellulose accounts 
for about one-third of the total mass of many plants.  Hydrogen-bonded, linear chains of 
beta-linked glucose molecules form polymers where every other glucose molecule is 
rotated approximately 180 degrees to form a flat, smooth ribbon.  These ribbons are 
called cellulose microfibrils and wrap around cells in overlapping layers providing 
resistance to osmotic pressure.  This resistance allows plants to adopt an erect growth 
habit.  Hemicellulose is a branched glucose polymer that is shorter than cellulose.  They 
bind with pectin to cellulose to form cross-linked fibers.  Lignins are covalently bonded 
to hemicellulose and add structural support to the plant.  They fill in the spaces of the 
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cell wall between cellulose and hemicellulose.  To keep up with the world’s demand for 
energy sources, new methods are being explored.  One of these methods is converting 
plant material, mainly cellulose and hemicellulose, into fuel.  
 
 A wide variety of plant species have been proposed as potential feedstock crops 
for production of biofuels from lignocellulosic biomass.  Among these, four closely 
related species within the Andropogoneae tribe emerge as top candidates because of 
their superior efficiencies in photosynthesis, nitrogen economy, and water use 
efficiency.  Maize, Saccharum, and sorghum are established and highly productive 
biomass crops.  According to the Food and Agriculture Organization of the United 
Nations (FAO), Saccharum was the world’s largest crop producing 1.8 billion tons on 25 
million hectares in 2011 (http://faostat3.fao.org).  Collectively, they are cultivated across 
the global spectrum of agriculture production environments.  Miscanthus also shows 
promise as a leading feedstock crop based on its exceptional biomass yields with 
minimal production inputs in recent European and US field trials (Scurlock, 1998; 
Schwarz et al., 1998).  Each of these closely related grasses also offer complementary 
advantages to diverse climates.  Maize has proven successful in both tropical and 
temperate regions.  Sorghum is known to be drought tolerant and varieties of 
Miscanthus have chilling tolerance.  Maize and sorghum also have fully sequenced 
genomes (Schnable et al., 2009; Paterson et al., 2009).  Some genomic sequences and 
transcriptome data is also available for Saccharum (de Setta et al., 2014; Grativol et al., 
2014; Cardoso-Silva et al., 2014).  Another advantage of these grasses is that they offer 
a wide variety of harvestable carbon sources.  Maize provides carbon in the form of 
food, fuel and feed.  The grain types pump sucrose into the ears where starch, lipids 
and proteins are synthesized, and lignin and cellulose accumulate in the stalk.  Field 
corn fills its kernels with starch but there is a block in the starch conversion pathway in 
sweet corn that causes the kernels to accumulate simple sugars instead.  There are 
also types of Energy Maize that divert carbon from the ears and produce more biomass 
(White et al., 2012).  Sorghum also has multiple routes for carbon storage.  Similarly to 
maize, grain sorghum pumps sugars into the head, which is used by developing seeds 
to make starch and protein.  There are also varieties of sweet sorghum that, much like 
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Saccharum, accumulate sugar in the their stems.  Miscanthus is not an established crop 
like the other three so we are just beginning to see its potential.  Miscanthus x giganteus 
is known to produce large amounts of above ground biomass but it also translocates 
significant amounts of carbon into the underground rhizome for storage. 
 
 The endosperm tissue functions to store carbon in the form of starch for seedling 
development.  In maize, a mutant, sugary1 (su1), was discovered that has a non-
functioning starch debranching enzyme.  This results in sucrose accumulation in the 
kernel that does not get converted to starch (Correns, 1901; Pan & Nelson, 1984). 
 
 Saccharum has been recognized as one of the most efficient crops in converting 
solar energy into chemical energy.  Modern cultivars are hybrids derived from 
interspecific crosses between S. officinarum and S. spontaneum and result in a high 
degree of polyploidy and frequent aneuploidy.  S. officinarum is the high sucrose 
content species and S. spontaneum provides stress and disease tolerance and high 
fiber for biomass.  In an attempt to increase the genetic diversity and disease resistance 
in these hybrids, modern hybrids were crossed again with S. spontaneum.  These 
crosses generated some progeny with lower sucrose content and higher fiber content 
that were undesirable to breeders looking for high sucrose producing plants.  However, 
these high fiber hybrids, dubbed energy cane, have been gaining attention lately as 
potential cellulosic biofuel feedstock in tropical and subtropical regions.  The USDA 
sugarcane breeding program has defined two types of energy cane.  Type 1 varieties 
result from commercial sugarcane crosses that yield progeny with fiber content too high 
for commercial sugar production.  Type 2 varieties are F1 or Backcross 1 hybrids that 
result from crossing commercial sugarcane with S. spontaneum, or with the related 
species Miscanthus or Erianthus (Richard, 2008). 
  
 Sugarcane stores sucrose in mature stem parenchyma cells.  Higher levels of 
stored sucrose have been shown to be associated with lignification of the xylem of 
vascular bundles and the sclerenchymatic bundle sheath extending out into the storage 
parenchyma.  The suberization of these cells begins in the paranchyma cells adjuacent 
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to the vascular bundle sheaths and spreads to the storage parenchyma with the 
majority of storage parenchyma being lignified in mature internodes (Jacobsen et al., 
1992).   
 
 This work aims to understand the mechanisms that allow these grasses to store 
carbon with such versatility.  The questions to ask are: is it a metabolic difference, a 
developmental timing variation, or a combination of the two. 
 
2.3 MATERIALS AND METHODS 
 
2.3.1 Plant Material 
 
 The USDA sugarcane basic breeding program in Houma provided 11 Saccharum 
lines: LCP 85-384, Ho 02-113, Ho 02-147, Ho 02-144, HoCP96-540, Ho 06-9001, Ho 
06-9002, Ho 95-988, HoCP 04-838, Ho 00-961, and HoCP 72-114; the first seven listed 
of which are directly related.  An additional twelfth line, Saccharum officinarum ‘LA 
Purple’, was also grown (Figure 2.1).  The stem cuttings provided were cut so that a 
seed piece contained one node and an inch of internode on either side of the node.  On 
November 25th of 2011, six seed pieces were planted per pot in a soil mix of 1:2:2 – 
Soil: Peat: Perlite.  Four replicates of each line were grown in Urbana, Illinois at the 
University of Illinois Turner Hall Greenhouse. 
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Figure 2.1: Saccharum Lines.  The blue boxes indicate Saccharum hybrids with varying 
fiber/sugar ratios.  The brown boxes are considered pure species with SES 234 being 
an S. spontaneum and LA Purple being an S. officinarum.  The box to the side shows 
unrelated lines and the pedigree shows the relatedness of the other varieties.  Both 
female parents in the pedigree were not included in our experiment. 
 
 
 
2.3.2 Anatomy Sections 
 
 On April 26th 2012, sections no more than one inch were cut from the first 
internode from the bottom, the tenth internode from the bottom, and the top 1 cm of LCP 
85-384 and Ho 02-113 henceforth referred to as SC384 and EC113 respectively.  
These samples were locked into macro-cassettes and placed in 4% paraformaldehyde 
using the same method as described above in section 1.3.2.  Three replicates were 
taken of every tissue type. 
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 The sample collection bottle was placed uncapped in a desiccator for 24 hours 
under a vacuum.  Samples were then dehydrated and cleared using a series of ethanol 
and xylene.  Five grades of alcohol were used: 60%, 70%, 80%, 95% and absolute 
alcohol; and four grades of absolute alcohol and xylol were used: 25%, 50%, 75%, 
100%.  Each soaking stage lasted 24 hours and was performed in the desiccator under 
a vacuum.  After clearing, paraffin wax chips (Fischer Scientific catalog # 22-050-128) 
were added to the xylene until the wax began melting.  The samples were then 
transferred to a 58°C incubator and the wax was allowed to infiltrate for 24 hours.  After 
this, the wax and xylene solution was poured off and replaced with fresh molten wax 
and allowed to infiltrate another 24 hours.  Two more paraffin changes were performed 
(Langdon, 1920). 
 
 The Saccharum samples were then embedded, stained with Calcofluor White to 
look at cellulose and Schiff’s reagent to look at lignin, and imaged using a confocal 
microscope.  The methods for embedding, staining and imaging are described in 
section 1.2.3. 
 
2.3.3 Composition Analysis 
 
 Top, middle, and bottom composition samples were collected from three replicate 
pots for each of the 11 Saccharum lines.  Two dominant stems were selected from each 
pot and pooled.  Top was defined as the top 10 cm, middle is the tenth internode from 
the bottom and bottom is the very first internode emerging from the soil.  Samples were 
diced and placed in 50 ml centrifuge tubes.  If there was excess sample tissue in the 
bottom and middle sections, equal amounts of each of the two pooled replicates were 
cut from the center of the sections and used for analysis.  Sample analysis was 
performed using the methods described in section 1.3.3. 
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2.3.4 RNA Extraction and Sequencing 
 
 Samples collected for sequencing were taken from four replicate pots of SC384 
and EC113.  The tallest cane in each pot was sampled.  The three tissue types 
collected were the top 1 cm of the plant, the tenth internode from the bottom, and the 
very bottom internode that had emerged from the soil (Figure 2.2).  Samples were 
ground and RNA was isolated using the methods described in section 2.3.4. 
 
 Libraries for mRNA and small RNA were prepared and sequenced by the W.M. 
Keck Center at the University of Illinois.  The methods were described in section  2.3.4; 
however, the mRNA libraries were paired end sequenced, only six samples were 
sequenced in each lane, and each sample was sequenced in two lanes to account for 
the complexity of the sugarcane genome. 
 
Figure 2.2: Source Material for Sequencing.  Top, middle, and bottom samples were cut 
from EC113 and SC384 for both mRNA and small RNA sequencing. 
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Figure 2.3: Alignment and Differential Gene Testing Pipeline.  Raw reads were trimmed 
using Trimmomatic-0.30 and then aligned using TopHat v2.0.8.  HTSeq was then used 
to count gene features and only those reads aligning uniquely were counted.  
Differential gene expression was determined using the edgeR package. 
 
 
 
2.3.5 mRNA-Seq Analysis 
 
 The pipeline for mRNA sequence analysis is shown in Figure 2.3.  The 24 mRNA 
libraries generated almost 1.5 billion read pairs.  The paired end mode of Trimmomatic-
0.30 (Bolger, et al. 2014) was used to trim the adaptors and check for read quality.  
Unique adaptor files were created for each library to assist with trimming.  Bases were 
removed if their phred score fell below 30 and the entire read was discarded if its length 
was less than 40 nt.  After trimming, 98.9% of the total reads remained. 
 
 The reads were aligned to two references using TopHat v2.0.8 (Kim et al., 2013).  
The first reference used was the Sorghum bicolor v1.4 genome (ftp://ftp.jgi-
psf.org/pub/compgen/phytozome/v9.0/Sbicolor_v1.4/; Paterson et al. 2009).  
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Sequences not assembled into chromosomes were removed for aligning. The following 
parameters were used: read-mismatches 10, read-gap-length 6, read-edit-dist 10, read-
realign-edit-dist 0, min-intron-length 25, max-insertion-length 15, mate-inner-dist 200, 
mate-std-dev 100, max-deletion-length 15, max-multihits 10, microexon-search, b2-
very-sensitive.  Tophat threw out about 1% of the trimmed reads because they were 
missing their mate.  The remaining reads mapped to sorghum at a rate of 73.3% with 
91.4% of those mapping uniquely and 83.5% mapping as concordant pairs. 
 
 The second reference used was the third version assembly from a doubled 
haploid Miscanthus sinensis (EBI unpublished data).  It was aligned using the same 
Tophat parameters as the sorghum alignments.  The mapping rate was 82.3% with a 
unique mapping rate of 84.2% and a 68.0% concordant pairs mapping rate. 
 
 The sorghum aligned reads were counted using HTSeq (Anders, et al. 2014).  
HTSeq counted uniquely mapped reads with a mapping quality score of 50 at the gene 
level using the intersection_nonempty mode with gene coordinates based on the 
Sorghum bicolor v1.4 annotation.   The resulting libraries averaged 64% of the mapped 
reads. 
 
 The same six Bioconductor packages that were described in section 1.3.5 were 
used to examine reads and determine differential expression for the sorghum 
alignments.  27,412 chromosomal sorghum gene models were considered and of these, 
25,589 had at least one read that mapped in at least one sample.  A gene model was 
considered for differential expression analysis if it showed an average CPM of five or 
higher in at least three samples.  The 5 CPM threshold gave the data a normal 
distribution and left 16,200 gene models and at least 98% of the reads in all libraries 
(Figure 2.4). The PCA and hierarchical cluster analysis showed that middle samples 
were in a state of flux with some behaving more like tops, some being an intermediate 
state, and others behaving more like bottoms.  For this reason, they were discarded.  
One entire stem was also removed from the remaining top and bottom samples to 
reduce variation in the samples and tighten up the PCA plot.  This left three top and 
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bottom samples for each Saccharum variety for differential expression analysis (Figure 
2.5).  The data show that the varieties are very similar and that the majority of the 
difference is within stems with the first principal component being internode age and the 
second principal component being sugar/fiber content. 
 
 The contrast matrix for this experiment made four comparisons: the difference in 
top samples between varieties (Top_SC384/EC113), the difference in bottom samples 
between varieties (Bottom_SC384/EC113), top versus bottom within SC384 
(SC384_Top/Bot), and top versus bottom within EC113 (EC113_Top/Bot).  The edgeR 
package was again used to further normalize the data and determine p-values.  To be 
considered differentially expressed, a gene needed an FDR less than or equal to 0.001.  
Fold change and minimum CPM were determined based on MA plots with the CPM 
cutoff corresponding to the value of the upregulated sample (Figure 2.6).  The minimum 
fold change and CPM values were as follows: Tops, 2 and 10; Bottoms, 3 and 15; 
LCP_TvB, 4 and 20; and Ho02_TvB, 4 and 20. 
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Figure 2.4: Counts per million gene filtering of reads.  A 5 CPM threshold was chosen 
because it gave the kept genes an approximately normal distribution then can be seen 
when comparing the difference between the distribution before and after filtering shown 
in panels A and B respectively.  Panel C shows genes that were discarded. 
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Figure 2.5: edgeR Normalized PCA and Hierarchical Clustering Tree for the sorghum 
aligned libraries.  Panel A shows the principal component analysis for all of the 
sequenced libraries.  The middle tissue samples show a wide range of distribution.  
Once the middle tissue samples and one outlier from each top and bottom tissue 
sample were removed, the improved principal component plot shows that the first and 
second sources of variation in the experiment come from internode age and sugar/fiber 
content respectively.  Panel C shows confirms this result showing that the main 
branches of the hierarchical cluster are internode age and the sub branches are 
sugar/fiber content. 
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Figure 2.6: MA plots.  The red dots indicate genes that have a FDR p-value less than or 
equal to 0.001.  The blue lines indicate the logFC (log fold change) cutoff that was 
selected for each group.  A logFC of 4 was selected for panel A and B and logFC 2 and 
3 were selected for panels C and D respectively due to the differences in the patterns of 
dispersion.  Panels A and B show the within variety differences between top and bottom 
tissues for SC384 and EC113.  The tissue specific differences between varieties are 
show in panels C and D.  The variance among genes for the comparisons within a 
variety is greater than comparing the same source tissue between the varieties.   
 
 
 
2.3.6 miRNA-Seq 
 
 The same pipeline was used for aligning and counting the small RNA data that 
was described in section 1.3.6.  The 24 libraries generated 681 million reads.  They 
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were sequenced in the same lanes as the maize small RNA.  Each miRNA in every 
sample had the counts per million value calculated and then transformed by taking the 
logarithm base 2.  These values were then imported in R and a heatmap was 
constructed using the Heatplus package (Ploner 2014). 
 
2.3.7 qPCR Analysis 
 
 Four potential housekeeping genes and 13 genes of interest were chosen from 
the sorghum alignments for further qPCR validation.  Gene coordinates were obtained 
for each gene from the sorghum general feature format file (GFF) and a Perl script was 
written to extract from the SAM file all the read sequences aligned to these positions.  
The reads were then aligned again to the coding sequence using Sequencher 5.0.1.  A 
consensus strained was used to design the primer pairs and the following criteria were 
entered to using the IDT PrimerQuest website 
(http://www.idtdna.com/Primerquest/Home/Index): fragment length 80 to 200 nt, primer 
length 17 to 28 nt, Tm 63° to 66°C, and GC content 41-65%.  The primers designed by 
the program where then aligned to original sequence.  Pairs were only considered if 
they were located on the 3 prime end of the sequence, did not overlap a conserved 
protein domain, and shared 100% identity with all reads and the sorghum reference 
gene.  Novoalign v3.00.02 was used to align the primer pairs to the Sorghum bicolor 
v1.4 genome.  All alignments were reported and the -l and –i were set based on the size 
of the primers and the expected genomic size of the PCR fragment.  Any primer pair 
that had more than one mapping location or did not map to its expected gene location 
was discarded.  The pairs were then aligned to the Miscanthus sinensis v3 double 
haploid genomic assembly.  It was assumed that Miscanthus and Saccharum share the 
same duplication event so that each primer pair should map twice to the assembly to 
account for paralogs so any primer pair mapping more or less than twice was discarded.  
After filtering, 25 primer pairs were identified for further testing (Table 2.1). 
 
 RNA expression values of the genes of interest were quantified using the 
Lightcycler® 480 System (Roche).  Top and bottom tissue that was sampled along with 
! 53!
and in the same manner as the RNA sequencing tissue was collected from LCP 85-384, 
Ho 02-113, HoCP96-540, and Ho 06-9001.  Three biological replicates were sampled 
for each cane.  RNA samples were reverse transcribed to cDNA using the Invitrogen® 
SuperScript® III First-Strand.  The following 20 µL reaction mixture was used: 10 µL 
LightCycler® 480 SYBR Green I Master (Roche), 7 µL H2O, 2 µL 1:6 dilution of cDNA, 
1 µL 10 µM forward and reverse primers (Table 2.1).  Reaction mixes were subjected to 
45 cycles of cDNA amplication, followed by a standard melting curve.  The primers 
amplifying glyceraldehyde 3-phosphate dehydrogenase were used as the relative 
expression control in the study as they had the most even expression in all samples.  
Cycle threshold (CT) for each sample was calculated using the method described in 
section 1.3.7. 
 
 The three biological replicates from each variety used in the above mRNA qpcr 
experiment were quantified for the expression of miRNA 156, miRNA 172, and miRNA 
168 using the techniques described in 1.3.7.  The same kits, primers, and other 
reagents were used and analysis was done with the same equipment and Perl Script. 
!
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2.4 RESULTS 
 
Figure 2.7: Growth of sequenced Saccharum lines.  EC113 and SC384 were measured 
for height and total internodes with emerged leaves over their growing period in the 
greenhouse.  EC113 grew taller but SC384 produced more internodes.  Error bars 
indicate standard error. 
 
 
 
 Periodically, the pots of EC113 and SC384 were examined in the greenhouse.  
Height was measured as the length from the soil level up to the leaf whorl.  Internodes 
were counted as number of fully emerged leaves plus any additional visible internodes 
where leaves were missing.  Only the largest cane in each pot was measured.  Overall, 
EC113 produced taller stalks and SC384 produced more internodes (Figure 2.7).  The 
EC113 canes stalks were much smaller in diameter and the plant produced more tillers 
and rhizomatous structures could be seen underneath the soil. 
 
 The composition analysis shows that there is a significant range of carbon 
partitioning among the Saccharum lines even between siblings.  All varieties have more 
! 57!
sucrose in their bottoms and middles than in their tops.  Most of the soluble sugar in the 
tops is other extracts like fructose and glucose.  When looking at the bottom stems, five 
varieties: Ho 06-9001, Ho 06-9002, Ho 02-144, EC113 and HoCp 72-114, stand out for 
having the most fiber content due to their higher percentages of cellulosic glucan, xylan, 
and lignin.  Commercial sugarcane varieties: HoCP 04-838, Ho 95-988, HoCP 96-540, 
and SCP384, have significantly more sucrose in their bottom stems.  The S. officinarum 
“LA Purple” species type is intermediate between the high fiber types and the 
commercial sugarcanes when looking at the mature internode.  If sugar content is 
removed and the plants are just looked at on a percent by dried and extracted scale, the 
amount of fiber portions of the stem: cellulosic glucan, xylan, lignan, and hemicellulosic 
glucan, become more even among all the lines (Figure 2.8). 
 
 Overall, the diameter of the SC384 stems is thicker than that of EC113.  The top 
sections stained for lignin and cellulose do appear to show that EC113 is slightly more 
lignified than SC384.  Similar to the findings in Jacobsen et. al 1992, an increase in the 
lignification of cells surrounding the vascular tissue is observed as the stem tissue 
matures and sucrose content increases, with SC384, the higher sucrose storing variety, 
showing the most lignification (Figure 2.8). 
 
  
! 58!
Figure 2.8: Composition analysis of 12 Saccharum lines and anatomy sections of RNA 
sequenced varieties.  Panel A shows the composition difference of carbon components 
that were quantified from the stems of our Saccharum population based on percent 
total.  Percent by dried and extracted composition is showed in panel B.  The results of 
the cellulose and lignin staining of top, middle, and bottom tissues of EC113 and SC384 
is illustrated in panel C.  Panel D is a side by side comparison of the thickness of EC113 
and SC384 stems. 
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  The mRNA sequencing differential gene analysis made four comparisons: within 
EC113 comparing top to bottom (EC113_Top/Bot), within SC384 comparing top to 
bottom (SC384_Top/Bot), comparing the top tissues of SC384 and EC113 
(Top_SC384/EC113), and comparing the bottom tissues of SC384 to EC113 
(Bot_SC384/EC113).  The within stem comparisons, EC113_Top/Bot and 
SC384_Top/Bot, have slightly more genes expressed at higher levels in the top 
samples at 56% and 57% respectively with EC113_Top/Bot having 1.3 times more 
differentially expressed genes than SC384_Top/Bot.  The overlap between the two 
within stem comparisons is 1,609 genes or 80% of SC384_Top/Bot and 61% of 
EC113_Top/Bot.  When looking at Top_SC384/EC113 and Bot_SC384/EC113, the 
comparisons also show more genes with higher expression levels in EC113 with 64% 
and 58% respectively of the genes showing more expression in the progeny.  However, 
there is a greater separation between the two comparisons with Bot_SC384/EC113 
having 2.4 times more differentially expressed genes than Top_SC384/EC113.  The 
overlap of the two comparisons only accounts for 24% in the genes in 
Top_SC384/EC113 and 10% in Bot_SC384/EC113 (Figure 2.9).  In summary, the top 
tissues of both varieties have slightly larger amounts of genes with higher expression 
when compared to their bottom counterparts.  EC113 shows more differences between 
its top and bottom tissues compared to SC384 which is seen both in the number of 
differentially expressed genes and in the overlap between the top comparisons.  When 
looking at the tissue specific comparisons, there are fewer differences between tissues 
of different varieties than there are between the two tissue types.  However, bottom 
tissues show more differences than tops.  
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Figure 2.9: Differential gene expression between the four mRNA sequencing 
comparisons.  Panel A shows the number of genes differentially expressed in all 
comparisons.  The comparisons are split into two bars with each bar representing the 
number of genes that were higher in that particular variable in the comparison.  Panels 
B and C look at the overlap between the within stem comparisons and the between 
tissue comparisons respectively.  There is much higher overlap between the within stem 
comparisons indicating that tissues of the same age from separate varieties are more 
similar than tissues from the same plant that are of different ages. 
 
 
 
 SC384 and EC113 differ in the way they store carbon as seen in the composition 
analysis.  However, RNA-Seq analysis showed that no starch and sucrose metabolism 
genes were differentially expressed between the top tissues.  In the bottom tissues, 
LCP showed genes with higher of cellulose synthase, cell wall invertase (β-
fructofuranosidase), α-1,4-galacturonosyltransferase, and sucrose synthase.  These 
enzymes are responsible for the breakdown and synthesis of sucrose, pectin, and 
cellulose.  Sucrose-P synthase, glucose-1-P adenyly transferase, and starch synthase 
showed higher expressing in EC113 with the former playing a part in sucrose-
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phosphate synthesis and the two later playing a part in converting glucose to amylose 
(Figure 2.10). 
 
 When comparing the genes differentially expressed in the starch and sucrose 
metabolism pathway for the Top_SC384/EC113 and Bot_SC384/EC113 comparisons, 
there are many similarities.  One difference is that the bottoms of EC113 show higher 
expression of xylose synthase, sucrose-p synthase, and starch synthase genes while 
there was no difference in SC384 tissues for these genes.  SC384 tops express higher 
levels of UDP-apiose/xylose synthase and pectinesterase and SC384 bottoms express 
more β-fructofuranosidase (Figure 2.10).   
 
  
! 62!
Figure 2.10: Starch and Sucrose Metabolism Pathway.  The differential expression 
between the four comparisons is shown.  Red arrows and boxes indicate that a gene 
was expressed higher in one or both top tissues compared to the bottom and blue 
boxes and arrows mean the opposite.  Similarly, yellow boxes and arrows indicate that 
a gene has higher expression in the bottom tissue of SC384 compared to EC113 
bottom and green indicates that expression was higher in EC113 bottoms.  Gray boxes 
and arrows indicate no differential expression.  All enzyme names and reaction 
directions are based on the chart at http://www.kegg.jp/kegg-
bin/show_pathway?140807991418445/ko00500.args. 
 
 
 
 The RNA-Seq experiment showed that the bottom tissues of SC384 had higher 
expression of eight AP2 domain containing genes and three of these genes: 
Sb01g003400 similar to IDS1, Sb09g002080 related to AP2.7/TOE1, and Sb06g030670 
APETALA 2-like; showed microRNA 172 (miR172) binding domains.  Sb09g002080, 
related to AP2.7/TOE1, was expressed at higher levels in EC113 bottoms compared to 
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its top also.  Of the other five AP2 domain containing genes, two of them, Sb10g026150 
and Sb06g031120, are labeled as AINTEGUMENTA-like 5 and are both highly 
expressed in the bottom internodes of SC384 compared to all tissues with 
Sb10g026150 only being detected in that tissue. Six squamosa promoter-binding 
protein-like (SPL) transcription factor genes showed elevated expression levels in top 
tissues compared to their bottoms of both varieties but no difference was detected 
between varieties (Figure 2.11).  SC384 bottoms and tops were expressing the cell wall 
targeting genes expansin and XYLOGLUCAN ENDO-
TRANSGLYCOSYLASE/HYDROLASE (XTH) at higher levels than EC113 tops and 
bottoms but at equal or less levels than the top tissue of SC384 (Figure 2.12).  
Expression of Sb04g026320, ECERIFERUM 1-like (CER1) and WAX2-like, was 
considerably higher in top tissues compared to their bottoms; however, SC384 bottom 
had a nine fold increase in expression compared to EC113 bottom (Figure 2.13). 
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Figure 2.11: Expression of miRNA and SPL and AP2 domain containing genes.  Panel 
A shows the RNA-Seq counts per million for AP2 and SPL genes.  The top graph 
contains AP2 genes that are not regulated by miR172 while the bottom graph shows 
AP2 genes that are under regulation by the microRNA.  The qPCR validation of some of 
the genes in panel A are shown in panel B along with the quantification of miR156 and 
miR172.  Matching bar colors are used in both panels to indicate the identical genes. 
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Figure 2.12: Expansin and XTH Expression in Stems.  Four XTH genes, shades of 
brown, and four expansin genes, shades of blue, were differentially expressed between 
SC384 tissues and EC113 tissues.  SC384 bottom internode expressed all eight genes 
at higher levels than EC113 bottoms.   
 
 
 
Figure 2.13: CER1/WAX2-like Expression.  CER1/WAX2-like showed a nine-fold 
increase in expression between SC384 and EC113 bottoms.  The tops had at least an 
18-fold increase compared to their bottoms. 
 
 
 
 Of the 79 genes that are differentially expressed in both the comparison between 
the tops and bottoms of SC384 and EC113 (Figure 2.9, panel C), the majority of them 
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are related to photosynthesis.  A Parametric Analysis of Gene Set Enrichment (PAGE) 
was performed using the Agrigo website 
(http://bioinfo.cau.edu.cn/agriGO/analysis.php?method=PAGE).  A false discovery rate 
of 0.05 was used with minimum number of mapping entries set to 10.  The results 
showed that all of the GO terms were photosynthesis related and they were all 
expressed at lower levels in SC384 bottoms compared to EC113 bottom internodes.  
The expression levels were not considered significant in the tops by the PAGE settings.  
SC384 bottoms also showed higher expression of peroxidase genes compared to both 
top tissues and EC113 bottoms (Figure 2.14). 
 
Figure 2.14: GO Term Analysis and Peroxidase Expression.  The top panel A shows 
the GO Term chart for the bottom tissue comparison that are also considered 
differentially expressed in the RNA-Seq analysis for the top tissues.  Panel B shows that 
peroxidase expression is up in SC384 bottom tissues compared to all other tissues.  
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 Three selected sucrose and starch metabolism genes, sucrose synthase 4, 
starch synthase, and UDP-D-glucoronate 4-epimerase 6, that were identified in the 
mRNA sequencing differential expression analysis as genes of potential interest were 
validated using qPCR.  Sucrose synthase was more highly expressed in tops compared 
bottom internodes and higher in SC384 bottoms compared to the bottoms of EC113.  
However, the other high fiber variety tested, Ho 06-9001, showed no change in 
expression from the two high sucrose lines, SC384 and HoCP 96-540.  Starch synthase 
showed elevated expressed in the bottoms of both high fiber Saccharum compared to 
the high sucrose bottoms and their tops.  UDP-D-glucoronate 4-epimerase 6 was 
upregulated in the tops of all four lines compared to their bottoms (Figure 2.15).   
 
Figure 2.15: Starch and Sucrose Metabolism Enzyme qPCR Analysis.  The expression 
of three enzymes was quantified in two high fiber varieties, Ho 06-9001 and EC113, and 
two high sucrose varieties, HoCP 96-540 and SC384 relative to the expressed of 
GAPDH. 
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 Since EC113 bottoms were shown to be expressing starch synthase at higher 
levels in both the RNAseq and qPCR result and EC113 was observed developing more 
tillers and small rhizomatous structures, a comparison to Miscanthus was made to test if 
a similar starch synthase was used by the closely related grass in its rhizome.  Barling 
et al., 2013 compared fall and spring rhizomes of Miscanthus x giganteus.  When we 
compare the counts per million output of Sb10g008200, starch synthase, from their fall 
and spring rhizomes to our top and bottom internode tissues, it shows that EC113 
bottom internode expresses starch synthase at a level slightly higher than a spring 
rhizome but lower than a fall rhizome (2.16). 
 
Figure 2.16: Starch Synthase Expression in Saccharum High Fiber and High Sucrose 
lines versus Miscanthus x giganteous spring and fall rhizome.  Panel A shows RNAseq 
data from Barling et al. 2013 looking at spring and fall rhizomes was compared to our 
Saccharum stem internodes looking at the expression of a starch synthase.  Expression 
is high in rhizomes and the bottom internode of EC113.  EC113 rhizomatous structures 
are shown in panel B. 
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 Expression of miR156, miR172, SPL gene Sb07g027740, and two AP2 domain 
containing genes with miR172 binding domains: Sb01g003400 similar to IDS1 and 
Sb09g002080 related to AP2.7/TOE1; were validated using qPCR.  The results showed 
that the AP2 genes along with miR156 were expressed higher in the bottoms of both 
high fiber and high sucrose types while SPL and miR172 were higher in all top tissues.  
Similar to the RNAseq findings, Sb10g026150, AINTEGUMENTA-like 5, was only 
expressed in bottom internodes that contain higher levels of sucrose (Figure 2.11). 
 
 The heatmap produced from the miRNAseq counts shows that internode age is 
still the highest source of variance in the experiment with variety being second.  
However, the middle internode tissues seem to be more similar to the bottom internodes 
that the tops.  The results for miR172 and miR156 are similar to the qPCR with miR172 
being higher in the tops and miR156 being slightly higher in bottoms; however, middles 
seem to be highest for both mircorRNA (2.17). 
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Figure 2.17: miRNA Heatmap based on miRNAseq.  The log base 2 values were taken 
from the miRNAseq count per million data.  The clustering shows that internode age is 
still the major source of variance in the samples.  Middle internodes are more similar to 
bottom internodes with SC384 being an intermediate between the middle internodes 
and EC113.  The heatmap shows that miRNA172 and miR156 show a similar pattern of 
expression to that demonstrated by the qPCR. 
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 Since Miscanthus and Saccharum are more closely related than Saccharum is to 
Sorghum, the Saccharum mRNA reads were also aligned to the DH1 version 3 
assembly of Miscanthus sinensis.  The mapping statistics were compared to the 
Sorghum aligned reads.  About ten percent more reads mapped to DH1 overall than to 
sorghum when comparing statistics of all libraries.  Tissue specific comparisons show 
that on average tops and middles had higher percentages of reads mapping and bottom 
tissue libraries not only had lower mapping rates but they were also more variable 
(Figure 2.18). 
 
Figure 2.18: Sorghum versus DH1 Alignments.  Overall mapping rates were pooled and 
compared for the sorghum and DH1 aligned libraries.  When the libraries are separated 
by tissues but still pooling EC113 and SC384, it shows that tops and middles have 
higher mapping rates. 
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2.5 DISCUSSION 
 
 High fiber and high sucrose lines of Saccharum have similar within stem gene 
expression patterns as seen by the lower number of genes differentially expressed 
between SC384 and EC113 and that the majority of genes that are differentially 
expressed between the tops and bottom of the within variety comparisons overlap 
(Figure 2.9 panel B).  However, the high sucrose, SC384, variety top and bottom tissues 
have fewer genes that differ indicating that they are more similar (Figure 2.9 panel B).  
The composition analysis shows that the SC384 tops and bottoms have similar levels of 
fiber but a different ratio of sucrose to other extractives (Figure 2.8).  Sucrose synthase 
is expressed is higher in SC384 tops though (Figure 2.10, 2.15).  Other studies have 
also shown higher sucrose synthase expression in young internodes of Saccharum 
stems and that the expression is negatively correlated with sucrose accumulation 
(Goldner et al., 1991; Schafer et al., 2004; Verma et al., 2011).  The reaction of sucrose 
synthase works in both directions and it has been shown that the primary function in 
vivo is actually to degrade sucrose.  The degradation products are then used for 
respiration and starch or cell wall biosynthesis (Lingle and Smith, 1991; Buczynski et al., 
1993). 
 
 The higher expression levels of starch synthase in the bottoms of high fiber 
stems is interesting because there is not a large difference in starch accumulation in 
high fiber and high sucrose varieties.  Starch would be a component of the hemi-
cellulosic glucan (Figure 2.8).  In Miscanthus x giganteus (Mxg), stem sugar is 
converted to starch and sent to the rhizome in the fall when it flowers.  During spring, 
that starch is remobilized to produce new tillers.  EC113 is known to produce 
rhizomatous growth that contributes to profuse tillering (Gravois et al., 2012).  When 
comparing expression of fall and spring rhizome tissues collected from Mxg (Barling et 
al., 2013) to the tops and bottoms of Saccharum, the same starch synthase gene was 
highly expressed in the rhizomes (Figure 2.16).  This is interesting because perhaps the 
reason for the reduction in sucrose in high fiber bottoms is that they are converting their 
sucrose to starch and using it to generate rhizomatous tissue similar to their Miscanthus 
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relatives.  It is also intriguing to note that EC113 and its energy cane siblings are known 
to be cold tolerant and very productive (Khan et al., 2013; Knoll et al., 2013, Friesen et 
al., 2014). 
 
 The increase in stem diameter in SC384 compared to EC113 could be due to the 
increased sucrose in the stems.  Sugarcane has been shown to accumulate sucrose 
both inside and outside the cells (Welbaum & Meinzer, 1990) in stems.  Using the older 
stem tissue as a sink could be limiting to the plant since stem size is determined before 
actual future sink necessity is known.  SC384 showing higher expression of 
AINTEGUMENTA-like (ANT) genes in its bottom tissue might be a response to the 
increase in sucrose and the necessity for the plant to grow a larger sink (Figure 2.11).  
ANT has been shown to control plant organ cell number and organ size in Arabidopsis 
and tobacco shoots.  Furthermore, ANT has been shown to affect development in 
mature organs.  The researchers proposed that ANT maintains the meristemamic 
competence of cells (Mizukami & Fischer, 2000).  ANT genes have also been linked to 
increased expression of expansin genes.  Transgenic tobacco plants overexpressing 
ANT genes, PnANTL1 and PnANTL2, showed longer leaves (Kuluev et al., 2012).  
SC384 bottoms are also expressing higher levels of a gene similar to BABY BOOM 
(BBM).  BBM is an AP2 domain containing gene that has also been linked to cell 
proliferation and embryogenesis in Arabidopsis (Boutilier et al., 2002).  Expansins are 
believed to act in the relaxation of the cell wall.  They may do this by breaking the bonds 
between cellulose microfibrils and matrix polysaccharides (McQueen-Mason and 
Cosgrove, 1995; Cosgrove et al., 2002) allowing for cell expansion.  . Another cell wall 
targeting enzyme, XTH, can hydrolyse xyloglucans.  Xylglucan is a major component of 
plant cell walls and transglycosylate residues into growing xyloglucan (Farrokhi et al., 
2006).  The LCP bottoms show increased expression of both XTH and expansin (Figure 
2.12).  There could be some correlation between the increase of ANT genes, expansin, 
and XTH in response to increased sugar.  This response might act to create a larger 
sink for the plant and thus be the cause of the observed increase in cell size and stem 
diameter (Figure 2.8). 
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 Another response to increased sucrose accumulation could be the down 
regulation of photosynthesis genes (Figure 2.14).  Previous studies have shown that 
higher sugar in sugarcane has this effect on photosynthesis (McCormick et al., 2006, 
2008).  But something that is noticed when comparing the SC384 bottom to EC384 and 
SC384 top tissues is that there is an increase in peroxidase.  It has been shown that 
when sugarcane is stressed that ascorbate peroxidase can improve the recovery of 
photosynthesis (Sales et al., 2013).  It could be possible that the increase in peroxidase 
expression seen here is also in response to the downregulated photosynthesis and may 
be working to bring expression levels back up.   
 
 It is interesting to note that expression of a CER1/WAX2-like gene is expressed 
higher in SC384 bottoms compared to EC113.  In Arabidopsis, CER1 and WAX2 have 
been shown to be involved in the formation of epicuticular wax (Aarts et al., 1995; Chen 
et al., 2003).  SC384 is described as producing excessive amounts of wax while EC113 
only produces moderate wax (Gravois et al., 2012).  AP2 domain transcription factors 
have been shown to activate wax biosynthesis (Aharoni et al., 2004; Broun et al., 2004; 
Moose and Sisco, 1994).  Overexpression of one of these AP2 genes, GLOSSY15 
(gl15), led to an increase in stem sugars (Chapter 1).  SC384 bottoms show an increase 
in expression of AP2 domain containing genes.  Three of them are similar to gl15.  The 
accumulation of wax and higher similarity of SC384 bottoms to its top than EC113 
bottom could be could be an indication that the bottoms of SC384 are behaving like 
younger tissue.  This could be a response of sugarcane to the increase in AP2 genes, 
similar to gl15, which are known to promote the juvenile phase. 
 
 The higher alignment rates (Figure 2.15) of Saccharum reads to the Miscanthus 
DH1 assembly compared to the sorghum genome alignments is not surprising 
considering Miscanthus and Saccharum are more closely related (Lawrence & Walbot, 
2007; Kim et al., 2014).  Miscanthus has a whole genome duplication (Swaminathan et 
al., 2012) and Saccharum is also a polyploid.  The sorghum genome is based on a 
diploid.  Aligning to DH1 might allow for a separation of paralogs that sorghum cannot 
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detect.  A completed DH1 genome would be a powerful tool that could help unravel the 
more complex Saccharum genome. 
 
 Further work is needed to understand the entire mechanism for the differences in 
stem carbon partitioning in Saccharum that causes high fiber and high sucrose types.  
Transgenics could be created which knockout AP2 genes to see if that creates a plant 
that is more similar to the low sucrose S. spontaneum.  Also, the role of 
AINTEGUMENTA in sugarcane sink expansion needs to be further explored. 
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